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ABSTRACT

Introduction. Massive algal blooms typical of all climatic zones of the Russian Federation are observed in all federal districts. The greatest danger is posed by the
rapid proliferation of cyanobacteria (CB), whose life cycle and death release highly hazardous cyanotoxins into the water.

The purpose - hygienic assessment of contamination of Moscow, Chelyabinsk, and Rostov-on-Don surface sources of drinking and domestic water with CB and
cyanotoxins and the development of preventive measures aimed at reducing the risk to public health.

Materials and methods. The objects of the study were CB and cyanotoxins (microcystin-LR, anatoxin-a, cylindrospermopsin, [3-N-methylamino- 1-alanine
(BMAA), saxitoxin), investigated in surface water sources in the cities of Moscow, Chelyabinsk, and Rostov-on-Don. Theoretical and empirical methods of scientific
systems analysis were used. Data from domestic and foreign scientific literature were searched and summarized from the MedLine/PubMed/PubChem, Scopus,
and eLIBRARY scientific publication databases, the results of industrial control of water supply institutions, and own chemical analytical and toxicological studies.
Results. Regional patterns in the quantitative composition and intraspecific differentiation of toxic cyanobacteria species in surface water sources located in different
climatic zones were identified. A hygienic assessment of cyanotic contamination of water sources and the effectiveness of drinking water treatment were conducted.
In addition to the current MAC for microcystin-LR (SanPiN 1.2.3685—21), MACs for anatoxin-a, cylindrospermopsin, and BMAA produced by priority types of
CB in water sources in the Russian Federation have been substantiated. An algorithm for current monitoring of water pollution with CB and cyanotoxins has been
developed, and preventive measures aimed at reducing the risk to public health from drinking water pollution with cyanotoxins have been proposed.

Limitations. The lack of domestic standards and test systems that allow testing the content of priority cyanotoxins in water with the required reliability of results.
Conclusion. Most surface water sources in the Russian Federation are subject to anthropogenic and, in recent years, climatic influences, creating favorable
conditions for the widespread development of CB. The latter, in turn, adversly impacts the quality and safety of drinking water and requires the development and
implementation of methodological recommendations for the prevention and control of pollution of water sources for domestic, cultural and household water use, and
drinking water with toxic types of CB and cyanotoxins.
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LlnaHo6aKTepumn U LMAGHOTOKCHHBI B BOAE BOJOUCTOYHUKOB —
yrpo3a 6e30nacHOCTU HaceneHus
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PE3IOME

Beedenue. Maccosoe ysemenue 600opocieil XapaKkmepHo 045 6cex Kaumamuveckux noscos Poccuu u nabarodaemcs 60 écex edepanbhvix okpyeax.
Haubonvuyro onachocme npedcmasnsiem 6ypHoe pazmuoxcerue yuanobaxmepuii (L1b), 6 npoyecce scusnedesmensrocmu u 2ubeau Komopwix 6 600y HOCHYnaom
8bICOKOONACHbIE YUAHOMOKCUHDBI.

Ileav pabomur — eucuenuueckas oyenxa saepsazHerus LB u yUaHOMOKCUHAMU NOBEPXHOCMHbBIX UCIOYHUKO8 NUMbEBO20 U X03UCMEEHHO-0b1M08020 6000~
noavzosanus Mockewl, Yeasouncka, Pocmosa-na-/lony u paspabomka npoguiaxmuueckux Meponpusmuiil, HanpasaeHHbiX Ha CHUNCeHUe PUcKa 045 300p0o8bs
HaceneHus.

Mamepuaavt u memooot. O6sexmoi uccaedosarus — LB u yuanomokcunvl (mukpoyucmun-LR, anamokcun-a, yuaunopochepmoncut, B- N-memunamuro- I-aranun
(BMAA), cakcumokcur), komopbie ucciedosanu 8 NO8epXHOCMHbIX UCOMHUKAX 8000cHabxcenust Mockesl, Yensourcika u Pocmosa-na-/ony. Henoavsosans: meope-
muueckue u SMRUpUHecKUe Memoosl Hay4Ho20 cucmemHo2o anaau3a. lIposedensi nouck u 0000ueHUe OGHHbIX OMeuecmeeHHOI U UHOCIMPAHHOU HAYMHOU AUMEPanypbl
u3 6a3 danubix Hayuubix nyoaukauuii MedLine/PubMed/PubChem, Scopus, e LIBRARY, pe3yabmamoe npouzeo0cmeeHH020 KOHmMpoas 6000CHAONCAIOUUX OPeaHU3A-
Yuit, COOCMBEHHbIX XUMUKO-AHANUMUMECKUX U MOKCUKOA0SUMECKUX UCCACO08aHUI.

Pesyavmamot. BoisigaeHbl pecuoHanbHbie 0C00EHHOCMU KOAUYECMEEHHO20 COCMABA U 6HYMPUBUOA0601 dugdheperyuayuu mokcuunsix eudos LB 6 nogepxrnocm-
HbIX 6000UCMOYHUKAX, HAXOOAUWUXCS 8 DA3HBIX KAUMAMUYecKux nosicax. Bvinoanena eueuenuueckas oueHka 3aepsi3HeHUsi 6000UCHOYHUKO8 UUAHOMOKCU-
Hamu u 3pghexkmusHocmu ouucmKu numoesoil 600bl. B donoanenue k deiicmeyroweit IIJAK mukpoyucmuna-LR (CanlluH 1.2.3685—21) obocnosanet 11K
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aHamokcuHa-a, yuaunopocnepmoncurna, bBMAA, npooyyupyemvix npuopumemuoimu eudamu L[5 6 eodoucmounukax Poccuu. Paspaboman areopumm meky-
We20 MOHUMOPUH2a 3aeps3Henust 600bt LB u yuanomokcunamu u npedrosiceHsvl npoGuAIaGKmu4ecKue Meponpusmus, HanPasAeHHvle HA CHUNCCHUEe PUCKA 0N
300p08bs1 HaceneHus 6caredcmeue 3a2pa3HeHUs NUMbegoll 600bl YUAHOMOKCUHAMU.

Oczpanuvenus uccaedosanus. Omcymemeue ome4ecmeeHHbIX CMAHOAPMOS U Mecm-CUCMeM, NO380ASIOUUX BbIAGAANMb NPUOPUMEMHbLE UUAHOMOKCUHbL 8 800e
¢ HeobX00UMOIl 00CMOBEPHOCMbIO PE3YAbMAMO08.

3akarouenue. bonvuiuncmeo nogepxHocmuuix eodoucmounuros Poccuiickoii Pedepayuu nodsepiceHo aHMPONO2EHHOMY, a 8 NOCAeOHUe 2006l U KAUMAmMu4e-
CKOMY 6AUSIHUIO, YMO c030aém 6aazonpusmmble ycaosus 0as maccogoeo paseumus L[b. ITocrednee ompuyamensHo ckazvieaemces Ha Kauecmee u 06€30nACHOCHU
numvegoil 60061 U mpedyem pazpabomKu U 6HeOpeHUs MemooUuHecKUx PeKOMeHOayuil R0 RPeOYRPedcOeHUI U KOHMPOAIO 3a2pA3HeHUs moKkcudHbimu eudamu 1[5
U YUAHOMOKCUHAMU 800bl 6000UCHIOYHUK 08 XO035UCMEEHHO-NUMbEB020, KYAbMYPHO-0bIM06020 6000N0Ab308GHUS U HUMbEBOU 800bl.

Karoueeote caosa: L{MﬂHO6{1KIH’l€pHH,’ cuHesenénvle tmt)opomu; UUAHOMOKCUHbL; NOBEPXHOCHIHblE eodoucmotmmcu; humeoeeas 800(1,’ 8000N01b306aHUE

Cobatodenue smuyeckux cmandapmos. Hccaedosanue He mpebyem npedcmasneHus 3aKARUeHUs Komumema no 0uomMeoOuyUHCKOL SMuKe Uil UHbIX 00KYMeHmMos.
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Introduction

Improving the quality of drinking water supply for the
population is one of the national development goals of the
Russian Federation for the period up to 2030 [1]. An important
condition for ensuring the quality and safety of drinking water is
the sanitary reliability of the water source. However, most surface
water sources in our country are subject to intense anthropogenic
pollution [2]: the number of surface sources of centralized
drinking water supply that do not meet sanitary-epidemiological
requirements increased by 4.76% over the period 2014—2023 [3].
Moreover, 33.4% of the aforementioned water sources fail to
meet sanitary-epidemiological requirements due to the absence
of organized sanitary protection zones, designed to protect and
prevent contamination of water intake areas [3].

Chronic anthropogenic load contributes to the entry into
water bodies of untreated and insufficiently treated wastewater,
as well as the release of nutrients accumulated in bottom
sediments: mineral compounds of nitrogen, phosphorus, silicon,
iron, and certain microelements that serve as a food source for
cyanobacteria (CB), or blue-green algae [4]. Since phosphorus
plays an important role in stimulating CB growth, some countries,
including EU states, Japan, New Zealand, South Korea, and
Brazil, have established permissible limits for its content in
wastewater [5]. New technologies for wastewater treatment with
the removal of nutrients (nitrogen and phosphorus) are also being
introduced in our country [6].

Our country first encountered the problem of water body
blooms in the 1960s after the implementation of a water
management hydrotechnical construction program for a cascade
of reservoirs on major waterways, including Dnieper and Volga.
The intensity of CB growth and development increased from
northern to southern reservoirs. The creation of reservoirs without
proper cleaning of the bed, which had significant land areas
subject to anthropogenic impact, along with a sharp change in
the hydrological characteristics of river flow, a decrease in water
flow velocity, the formation of extensive shallow and stagnant
zones, and thermal pollution, all contributed to the intensification
of eutrophication processes in water bodies [7]. Increasing
anthropogenic load and favorable hydrological conditions led to

an increase in the proportion of blue-green algae representatives
in the phytoplankton composition.

The climatic factor significantly influences the intensity
and duration of surface water body bloom processes.
According to long-term observations by the Federal Service for
Hydrometeorology and Environmental Monitoring, the rate of
air temperature increase in Russia since the mid-1970s is 0.5 °C
per 10 years, which is 2.8 times more intense compared to the
global average temperature (0.18 °C per 10 years), with a tendency
for the rate of increase to accelerate [8]. Unlike other types of
phytoplankton, the optimal temperature for the development of
certain CB genera is considered to be above plus 25 °C [9]. For
instance, Cylindrospermopsis actively develops in the temperature
range from plus 20 to plus 35 °C, with maximum growth occurring
at plus 30 °C [10]. The rise in surface water temperatures facilitates
the spread of CB northward, and these bacteria are actively
colonizing habitats previously atypical for them [11].

Blue-green algae bloom processes are observed in all climatic
zones of the Russian Federation, including regions with colder
climates: the Northwestern, Ural, Siberian, and Far Eastern
Federal Districts. However, the most frequent mass development
of CB is still observed in the Southern Federal District [12].

The mass development of CB significantly impacts the
sanitary-hygienic indicators of water quality and safety. Metabolic
products released into the aquatic environment both during
the vital activity of CB and after their death can deteriorate
the organoleptic and sanitary-hygienic properties of water.
The growth and development of CB are the primary cause of
various unpleasant tastes and odors in water that are difficult to
remove [13]. Furthermore, during bloom periods, the color of
the water increases [14]. The decomposition of phytoplankton
cells contributes to an increase in water turbidity [15]. At high
concentrations of CB, the water’s color changes. In particular,
with the mass development of species like Aphanizomenon flos-
aquae, Microcystis aeruginosa, and Anabaena, the water acquires
an emerald-green color, which turns blue upon the decomposition
of the algae, associated with the release of the green pigment
chlorophyll-a and the blue pigment phycocyanin from the cells
[16]. However, CB can impart other colors to water depending
on various pigment combinations, of which approximately 30
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are known [17]. The dissolved oxygen content in water decreases
with CB accumulation and organic matter decomposition.
Oxygen deficiency in water bodies is often a cause of fish
mortality [18]. During the period of CB cell death and organic
matter decomposition, a significant increase in biochemical
oxygen demand (BOD) and ammonium nitrogen content in
the water is observed [19]. During intensive CB development,
water pH usually rises to alkaline levels [20]. A slightly alkaline
environment combined with low oxygen content optimizes
conditions for certain pathogens of dangerous infectious diseases,
including Vibrio cholerae [21]. Cyanobacterial algal accumulations
during decomposition produce large quantities of volatile sulfur
compounds, including hydrogen sulfide, methyl mercaptan,
and dimethyl sulfide [22]. Recent studies have shown that algal
decomposition stimulated hydrogen sulfide production by sulfate-
reducing bacteria [23]. The accumulation of butyl alcohol, butyric,
lactic, acetic, and other acids formed as a result of fermentation
processes in massive algal accumulations, also negatively affects
water quality [24].

However, the most acute problem associated with the mass
development of CB in water is their ability to produce toxins that
adversely affect human health [25]. Currently, about 40 toxigenic
species of CB are known [26]. According to [27], in 70% of cases,
freshwater body blooms are toxic. Overall, the number of identified
cyanotoxins produced by blue-green algae reaches 95 substances
[28]. The greatest concern worldwide, due to the potential for
drinking water contamination, is raised by microcystin-LR,
anatoxin-a, cylindrospermopsin, B-N-methylamino-L-alanine
(BMAA), and saxitoxin because of their high toxicity and hazard,
including carcinogenicity [29]. The spectrum of biological
action of these substances is quite broad, but the main effects are
neurotoxic, hepatotoxic, and cytotoxic [28—30].

Thus, data from experimental and epidemiological studies by
domestic and foreign authors indicate the toxicity and hazard of
most CB toxins to humans and animals, confirming the relevance
of monitoring and regulating CB and their metabolic products in
source water and drinking water. The abovementioned determined
the aim of the present study.

Aim of the work — a hygienic assessment of contamination
by cyanobacteria and cyanotoxins in surface sources used for
drinking water supply and recreational purposes in Moscow,
Chelyabinsk, Rostov-on-Don, and the development of preventive
measures aimed at reducing the risk to public health.

Materials and Methods

The objects of the study were cyanobacteria (blue-green
algae) and the cyanotoxins they produce, present in surface water
supply sources for the population located in the main (I, II, and
III) climatic zones of the Russian Federation (Moscow, Moscow
Oblast, Chelyabinsk Oblast, Rostov Oblast).

Theoretical and empirical methods of scientific system
analysis were used. A search and synthesis of data from
domestic and foreign scientific literature presented in the
scientific publication databases MedLine/PubMed/PubChem,
Scopus, eLIBRARY were conducted. Retrospective results
of production control of water sources, carried out by water
supply organizations of the municipal utilities in Moscow
(2009—-2023), Chelyabinsk (2010—2022), and Rostov-on-Don
(2019—2023), were analyzed. The authors’ own chemical-
analytical and toxicological studies were performed, serving as
the basis for developing approaches to minimize public health
risks associated with contamination of drinking water by toxic
species of cyanobacteria and cyanotoxins.

In chemical-analytical studies using enzyme-linked
immunosorbent assay (ELISA) methods, the content of the
cyanotoxins microcystin-LR, anatoxin-a, cylindrospermopsin,
B-N-methylamino-L-alanine (BMAA), and saxitoxin was
examined in source water and drinking water from Moscow
(a Moskva River source, 2016 and 2023), Chelyabinsk (the
Shershnevskoye Reservoir, 2022), and Rostov-on-Don (Don
River, 2022). The effectiveness of technologies used for water
purification from cyanotoxins at the Rublevskaya (2016) and
Western (2023) water treatment stations in Moscow was evaluated.

Toxicological studies included the investigation of general
toxic, neurotoxic, embryotoxic, and teratogenic effects of
anatoxin-a, cylindrospermopsin, and BMAA (beta-methylamino-
L-alanine) in a subchronic experiment with intragastric
administration to laboratory animals.

Results

The most common and well-studied metabolic products of
CB that impart unpleasant tastes and odors to water are geosmin
and 2-methylisoborneol [31]. Our own results of a retrospective
analysis of water studies from surface water sources in Moscow
showed a positive correlation between the number of CB and
the content of geosmin in the raw water (» = 0.31; p < 0.01) [32].
Musty, unpleasant odors imparted to water by odorants, against the
background of chlorine odor, are often associated with the smell
of DDT dust. In the distribution network, the odor can intensify,
causing justified complaints from the population [33]. Traditional
water treatment methods (coagulation followed by clarification,
disinfection using chemical reagents) are insufficiently effective
against the aforementioned odorants. A more effective solution
for removing unpleasant tastes and odors caused by CB apparently
lies in combining traditional methods (physicochemical and
biological) with advanced oxidation processes, such as oxidation-
sorption treatment using ozone and granular activated carbon.
The use of ozonation-sorption has proven successful in the water
treatment technology at the Western Water Treatment Station
in Moscow, where, in accordance with Moscow Government
Decree No. 176-PP of March 14, 2006 “On the Development of
Water Supply and Sewerage Systems in Moscow for the Period up
to 2020,” a new ozonation-sorption unit with a design capacity of
250 thousand m?/day was commissioned in 2011 [34].

As a result of a retrospective analysis of long-term
hydrobiological data from drinking water sources in Moscow,
Chelyabinsk, and Rostov-on-Don over the observation periods,
a significant increase in the total abundance of CB during peak
bloom months was noted; for example, in the Moskva River — from
21,500 cells/mL in 2009 to 73,080 cells/mL in 2019; in the Don
River — from 34,035 cells/mL in 2019 to 194,037 cells/mL in 2023.
Maximum concentrations of cyanobacteria in the Shershnevskoye
Reservoir were observed in 2010 — 462,000 cells/mL.

It is also important to note the lengthening of the CB
vegetation period, particularly pronounced in the northernmost
of the studied water sources — the Shershnevskoye Reservoir
(III climatic zone). For instance, while in 2010 at Chelyabinsk
water intake sites, CB concentrations above 2500 cells/mL were
recorded from June to September, in 2021 such concentrations
of blue-green algae were registered over 11 months (February to
December) [35]. A similar trend was noted in the Don River (see
Figure), where the duration of the active CB vegetation period
increased from three months (July — September) in 2019 to six
months (June — November) in 2023.

Furthermore, regional features in the intra-generic
differentiation of toxic CB species were identified (Table 1).
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CpeaHemMecs4Has Ce30HHas ANHAMIKa CUHe3eNEHbIX BOAOPOCNeli B Boae p. [loH y nuTbeBoro Bogo3abopa Poctoa-Ha-[oHy (2019-2023 rr.).

Thus, in the water of the Moskva River source in Moscow
(IT climatic zone), where in 2023 the content of blue-green
algal cells exceeded 2500 cells/mL for five months (July to
November), the dominant species (up to 90% of the total
abundance) was Aphanizomenon flos-aquae (L.) Ralfs, which
produces several types of toxins: microcystin-LR, anatoxin-a,
BMAA, cylindrospermopsin, and saxitoxin. At the water intakes
of the Volga source in Moscow, with CB concentrations ranging
from 267 to 3978 cells/mL, Microcystis aeruginosa, primarily a

Priority cyanobacteria (CB) genera identified in drinking water sources
and cyanotoxins produced by them

producer of one toxin — the hepatocarcinogen microcystin-LR,
constituted 18 to 100% of the total CB abundance. In the water
of the Shershnevskoye Reservoir in Chelyabinsk, located in
the III climatic zone, the following species of blue-green algae
were most frequently detected: Planktothrix agardhii — up to
45.5%; Aphanizomenon flos-aquae (L.) Ralfs and Aphanizomenon
issatschenkoi — up to 19%; Microcystis aeruginosa, Microcystis
pulverea, Microcystis wesenbergii, Microcystis firma — up to 11%
of the total CB composition [35]. The maximum quantity of CB

Table 1 / Ta6numa 1
in Moscow, Chelyabinsk, and Rostov-on-Don in 2009—2023

IIpuoputerHblie poasl HMAHOOAKTEPHIl, 0OHAPYKEHHDbIE B UCTOYHUKAX MUTHEBOro BoocHa0keHus1 Mocksbl, Yensiouncka u PocroBa-na-/lony

B 2009—2023 rr., 1 npoaynupyeMbie KMH IHAHOTOKCHHBI

Cyanotoxin / IlnanoTokcux
CB genera - - - - - — Water source
Pox L1B Microcystin-LR Anatoxin-a Cylindrospermopsin BMMA Saxitoxin Bo10HCTOYHNK
Mukpouuctun-LR| Anatokcun-a | Llnmunapocnepmoncun BMMA CakcH-ToKCHH
Aphanizomenon + + + + + Moskva-River, Don River, Volga River,
Shershnevskoye Reservoir
Mocksa-peka, p. [loH, p. Boira,
IlepmHEBCKOE BOIOXPAHUIUILIS
Microcystis + + — + — Volga River, Don River, Moskva River,
Shershnevskoye Reservoir
p. Bourra, p. Jlon, Mocksa-peka,
LlepurHéBcKoe BOMOXpaHUIIMILE
Anabaena + + + + + Don River, Moscow River, Volga River
p. HoH, MockBa-peka, p. Boira
Synechocystis - + - — — Don River / p. lon
Planktothrix + + + - + Shershnevskoye Reservoir
IITepmmHéBcKoe BOIOXPAHUTHIIIE
Oscillatoria + + + — + Moskva River / MockBa-peka
Phormidium — + — + + Volga River / p. Boxra

N o te: The water source in which the genus CB is dominant is highlighted in bold.
IMTpuMeuanue. [lorykupHbIM IpU(HTOM BbIIETCH BOTOUCTOYHUK, B KOTOpoM pon L1 b sBiseTcss ToMUHUPYIOIIIM.
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Table 2 / Tabnuma 2

Cyanotoxins’ concentrations (min — max) revealed in sources of household and drinking water supply in Moscow, Chelyabinsk,

and Rostov-on-Don in 2022-2023

KoHueHTpanum uaHoTOKCHHOB (Min — max), 00HapyKeHHble B HICTOYHMKAX XO035AMCTBEHHO-NIUTHEBOr0 BONOCHAOKeHus1 MocKBbl, UensionHcka

u PocroBa-na-Jlony B 2022—2023 rr.

X Concentration, pg/L / KoHuenrpamus, MKr/J
Cyanotoxin
L{HAHOTOKCHH Moskva River Shershnevskoye Reservoir Don River
Pexa Mocksa [IlepmnéBckoe BogOXpaHUIHIIE Peka Jlon

Microcystin-LR from 0.02upto > 5 from<0.lupto>5 from < 0.15up to 0.5
MuxkponuctrnH-LR or0.02m00> 5 or<0.1m0>5 or<0.15 10 0.5
Anatoxin-a 0.01—1.2 from < 0.1 up to 2.5 from < 0.1 up to 2.5
AHATOKCHH-a : : 0or<0.1 10 2.5 or<0.1 102.5
Cylindrospermopsin from < 0.04 up to 0.14 from < 0.04 up to 0.65 from < 0.04 up t0.09
HuirHapocnepMONCHH o1 <0.04 10 0.14 ot < 0.04 10 0.65 ot < 0.04 10 0.09
BMAA 0.16—50.65 from < 4 up to 34.85 from <4upto 17.0
BMAA ) : ot < 4 o 34.85 or<41017.0
Saxitoxin 0.01—0.02 from < 0.015 up to 0.04 from < 0.015 up to 0.04
CaKkCUTOKCUH . : or < 0.015 10 0.04 o1 < 0.015 10 0.04

was found in the Don River — the water source for Rostov-on-
Don (I climatic zone): 291,820 cells/mL (September 2023), with
predominance of the genera Synechocystis, Microcystis, Anabaena,
Oscillatoria, Aphanizomenon [36].

In the CB composition of all four studied water sources
(Moskva River and Volga sources for Moscow, Shershnevskoye
Reservoir, Don River), the toxic CB genera Aphanizomenon,
Anabaena, and Microcystis were detected most frequently.
Identification of toxic CB genera can provide information both
about the presence of bloom processes not visible to the naked eye
and about the potential presence of cyanotoxins.

Chemical-analytical studies of water from sources of drinking
water supply and drinking water in Moscow (Moskva River
source), Chelyabinsk, and Rostov-on-Don, conducted in 2023,
recorded the content of a number of cyanotoxins (microcystin-
LR, anatoxin-a, cylindrospermopsin, B-N-methylamino-L-
alanine, and saxitoxin) at concentrations exceeding the lower
limit of quantification. The concentrations of cyanotoxins
detected during monitoring in the water source bloom seasons are
presented in Table 2.

Comparison of the 2023 study results for the Moskva River
source in Moscow with data from the analogous period in 2016
[37] demonstrates a negative dynamic in cyanotoxin content. For
example, in 2016, maximum levels at water intakes were 0.3 ug/L
for microcystin-LR, 0.3 pg/L for anatoxin-a, and 24.8 ug/L for
BMAA. In 2023, the concentration of microcystin-LR increased
more than 16-fold, and in 65% of the samples taken, it exceeded
the upper limit of the measurement method. The content of
anatoxin-a increased 4-fold, and BMAA increased 2-fold.
Cylindrospermopsin and saxitoxin, which were not detected in
2016 (concentration < 0.05 ug/L), appeared in the source water.

Microcystins are considered the most common cyanotoxins in
fresh waters worldwide [38, 39]. Currently, over 70 microcystins
have been identified, with microcystin-LR being the most
frequently encountered and more toxic [40]. Results from
epidemiological studies indicate a positive correlation between
the concentration of microcystin-LR and hepatotoxicity [41]. In
2010, the International Agency for Research on Cancer classified
microcystin-LR in Group 2B for carcinogenicity [42]. In 2018,
our country scientifically substantiated and implemented into
practice the maximum permissible level (MPL) for microcystin-
LR in water bodies used for drinking water supply and
recreational purposes, and in drinking water (0.001 mg/L marked

“k” (carcinogen), Ist hazard class'). A method for determining
microcystin-LR in water? was approved. This was based on the
experience of the WHO and 22 countries in regulation, as well as
data from the world literature on the toxic effects of microcystin-
LR on the human body and laboratory animals [17].

The cyanotoxin anatoxin-a is considered one of the most
neurotoxic compounds, as its rate of acetylcholinesterase
inhibition is higher than that of most organophosphorus
insecticides [9]. The most frequent producers of anatoxin-a
are CB of the genera Anabaena, Oscillatoria, Planktothrix,
Microcystis, Cylindrospermum, Phormidium, and Aphanizomenon
[9]. Despite the WHO’s opinion that there is insufficient evidence
of anatoxin-a toxicity to establish a safe level in water [30], many
countries, including some US states and New Zealand, have set
their own standards ranging from 1 to 6 ug/L [43]. In studies
conducted on white rats at the F.F. Erisman Federal Scientific
Center for Hygiene, Rospotrebnadzor, animals showed disorders
of protein and lipid metabolism, the leukocyte lineage in blood,
and morphofunctional changes in the testes, thymus, stomach,
large intestine, pancreas, and adrenal glands following intragastric
administration of anatoxin-a at a dose of 1 ug/kg in a subchronic
experiment. Embryotoxic, reprotoxic, and neurotoxic effects
of the cyanotoxin at doses < 1 mg/kg were not registered in the
experiment [44]. Based on the results of our own research and
analysis of scientific literature data, the MPL for anatoxin-a in
water for drinking and recreational purposes was substantiated:
4 ug/L, sanitary-toxicological hazard indicator, 2nd hazard class.
A determination method?® with a lower limit of quantification of
0.05 ug/L was developed and approved for monitoring anatoxin-a
content in water.

CB of the genera Cylindrospermopsis, Aphanizomenon,
Anabaena, Oscillatoria, Umezakia, Raphidiopsis, Lyngbya produce
the cyanotoxin cylindrospermopsin [9]. Cylindrospermopsin
inhibits protein synthesis, is cyto- and genotoxic, causes damage
to intracellular organelles of various tissues and organs, and

' Sanitary Rules and Norms 1.2.3685—21 “Hygienic Standards and
Requirements for Ensuring the Safety and (or) Harmlessness of Environ-
mental Factors to Humans.”

? METHODOLOGICAL GUIDELINES 4.1.3552—19
“Determination of Microcystin-LR in Water Bodies Used for Domestic
Drinking and Recreational Purposes and in Drinking Water by Enzyme-
Linked Immunosorbent Assay.”

3 METHODOLOGICALGUIDELINES4.1.4055—24 “Quantitative
Determination of Anatoxin-a in Drinking and Natural Water by Enzyme-
Linked Immunosorbent Assay.”
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Table 3 / Tabnuua 3

Cyanotoxins concentrations (min — max) in water source, drinking water and treatment efficiency at the Western Water Treatment Plant

of Moscow, 2023

KoHueHTpanuu 1MaHOTOKCHHOB (Min — max) B BOJOMCTOYHUKE, MUTheBO Bojie 1 3(PheKTUBHOCTh OYUCTKU HA 3anaIHON CTAHIMM BOIONOATOTOBKHI

Mockssl, 2023 1.

Cyanotoxin MPC, pg/L Source water, pg/L Drinking water, pg/L Cleaning efficiency, %
Inanorokcun ITIK, Mxr/a Hcxonnas Boga, MKr/a ITurbeBas Boaa, MKI/J1 DddexTuBHOCTD 0YKCTKH, %
Microcystin-LR / MukpouuctuH-LR 1.0 0.55/>5.0 0.23/1.09 58 /78
Anatoxin-a / AHaTOKCHH-a 4.0 0.29/1.22 0.32/1.38 —-10/-13
Cylindrospermopsin / LHmJIMHIpOCTIEpMOIICH 1.0 0.09/>1.0 0.08 /0.82 11/18
BMAA / BMAA 1000 10.2 / 50.65 13.5/60.57 -32/-19.6
Saxitoxin / CaKCUTOKCUH — 0.01/0.02 0.013/0.3 -30/-93

initiates carcinogenesis processes [45]. Currently, standards for
cylindrospermopsin in drinking water have been established
in some countries (Australia, Brazil, New Zealand) at levels
from 1 to 15 ug/L [46]. The WHO considers the evidence for
cylindrospermopsin toxicity insufficient to establish a safe level
in water [30]. In our own experimental studies, in a subchronic
toxicological experiment on laboratory animals with intragastric
administration of cylindrospermopsin at a dose of 10 ug/kg, a
significant increase in the content of alanine aminotransferase,
aspartate aminotransferase, glucose, creatinine, and triglycerides
was established, along with a simultaneous decrease in albumin, uric
acid, urea, and total protein in the blood serum. Morphofunctional
disorders in animals confirmed predominantly impaired normal
function of the liver and kidneys. Additionally, impairments in
cognitive functions were identified in the experimental animals.
Embryotoxic and teratogenic effects at administered doses < 10 ug/kg
were not recorded. Considering the obtained data, as well as the
results of analyzing foreign materials on regulating and controlling
cylindrospermopsin content in water bodies and drinking water,
the MPL for water used for drinking and recreational purposes
was substantiated: 1 ug/L, sanitary-toxicological hazard indicator,
It hazard class. An ELISA-based method* with a quantitative
measurement range of 0.05—2 ug/L was developed for monitoring
cylindrospermopsin content in water.

The non-protein amino acid (-N-methylamino-L-alanine
(BMAA), produced by CB species such as Chroococcus,
Merismopedia, Mycrocystis, Synechocystis,  Myxosarcina,
Leptolyngbya, Lyngbya, Oscillatoria, Anabaena, Nostoc [47], is
also considered a potent cyanobacterial toxin. The neurotoxin
BMAA is implicated as a cause of neurodegenerative diseases,
including amyotrophic lateral sclerosis, parkinsonism, and
dementia, developing later in life [47]. Based on an analysis of
domestic and foreign literature sources and the results of our own
research on the effect of BMAA on the organoleptic properties
of water (threshold concentration — 10 mg/L based on odor
change), the self-purification processes of water bodies (threshold
concentration — 3 mg/L based on BOD change), and the organism
of warm-blooded animals (maximum no-effect dose 0.05 mg/kg
b.w.), the MPL for BMAA in water for drinking and recreational
purposes was substantiated: 1 mg/L, sanitary-toxicological hazard
indicator, 3rd hazard class. A draft methodological guideline for
determining BMAA content in drinking and natural water by
ELISA, with a lower limit of quantification of 0.005 mg/L, has
been developed for monitoring purposes.

Since the main route of entry of cyanotoxins into the human
body is the use of water containing CB and cyanotoxins for

4 METHODOLOGICAL GUIDELINES 4.1.4112—25 “Determina-
tion of Cylindrospermopsin in Drinking and Natural Water by Enzyme-
Linked Immunosorbent Assay.”

drinking purposes [48], the applied water treatment technologies
are of great importance for ensuring the normative quality of
drinking water. High concentrations of algae complicate the
water treatment process. Blue-green algae are characterized by
relatively small sizes and are poorly removed during coagulation,
passing through the sand filter media. Therefore, water treatment
plants are forced to apply high doses of coagulant, additionally
introduce flocculant, shorten the filter cycle time, and increase
the intensity of filter media washing [33]. The measures applied
allow increasing the efficiency of raw water purification from CB
cells up to 99.8%, with the maximum quantity of CB cells being
removed along with the bulk of suspended solids in settling tanks
and on sand filters [49].

Comparative studies conducted in 2016 on the content of
cyanotoxins in source water and drinking water at the Rublevskaya
Water Treatment Station in Moscow, where water treatment
followed a traditional two-stage scheme followed by ozonation
and filtration through filters with activated granular carbon and
sand filters with quartz sand, showed a 45% reduction in BMAA
concentration and a 100% reduction in microcystin-LR. The
existing water treatment scheme proved ineffective for anatoxin-a.
With the toxin content in the raw water being below the lower
detection limit (0.05 ug/L), its concentration in the drinking water
increased 3.5 times, likely related to the release of the toxin into
the water upon the destruction of CB cells during the treatment
process [49].

A somewhat different efficiency of water purification from
cyanotoxins was recorded in 2023 during the survey of the
Western Water Treatment Station in Moscow, where, alongside
classical water treatment technologies and ozonation-sorption,
ultrafiltration is also used (Table 3). The content of microcystin-
LR decreased on average by 58% from the initial pollution
level, with purification efficiency increasing to 78% as the
concentration decreased. For BMAA, the two-stage ozonation
and multi-layer filtration stage showed the highest efficiency —
39.1%. Nevertheless, the BMAA content in the drinking water
after passing through the treatment line exceeded its content in
the raw water by 1.3 times. In the drinking water, concentrations
of anatoxin-a and saxitoxin increased by 13% and 93%,
respectively. The efficiency of the aforementioned scheme for
cylindrospermopsin removal ranged from 11% to 18%.

Discussion

Thus, the obtained results of monitoring the quantitative
and qualitative composition of CB and the most hazardous
cyanotoxins (microcystin-LR, anatoxin-a, cylindrospermopsin,
BMAA, and saxitoxin) in surface water supply sources located in
the main (I, II, and III) climatic zones of the Russian Federation
indicate the relevance of the water bloom problem for our country.
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Table 4 / Tabnuua 4

Algorithm for current monitoring of water pollution by CB and cyanotoxins and corrective preventive measures
AJIrOpUTM TeKyIIero MOHUTOPUHTA 3arpsi3HeHus Boabl LB u nuaHoToKCHHAMK 1 KoppeKTUpyonue npoGuiakTHyecKine MeponpusTus

Characteristics hazard
XapakTepuCTHKH ONACHOCTH

Danger level
'YpoBeHb onacHocTd

Corrective preventive measures
KoppekTupyonie npouiakTuieckue MeponpusIThs

Low Cyanobacteria < 2500 cells/mL
Huskuit Linano6akrepun < 2500 Ki1/Mi

Visual observation of algal blooms is carried out daily.
Cyanobacteria cell counts are monitored weekly

BusyanbHoe HaboAeHUE 32 LIBETEHUEM BOJI — €KETHEBHO.
MOHUTOPHHT YKCIIa KJIETOK LIUAHOOAKTEPHIA — €XKEHEIEIEHO

Intermediate
CpenHuit

Cyanobacteria — 2500—6500 cells/mL
Cyanotoxins in source water < 0.3 MAC;
in drinking water < 0.5 MAC
Lnano6akrepuun — 2500—6500 k1. /mi

Cyanobacteria monitoring — twice a week.

Determining the population growth rate of toxigenic cyanobacteria species.
Water toxicity assessment. If toxic cyanobacteria species increase or predominate,
monitoring cyanotoxins in source water and drinking water

Lnanotokcunsl B Boge uctoynuka < 0,3 TIJIK; MonuTtopuHr nuaHo6akTepuii — 2 pa3a B HEIEIO.

B utbeBoii Bome < 0,5 TTIAK

OHpCI[CHCHI/IS TEMIIAa poCTa HOHleHHI/IIL/'I TOKCHUI'CHHBIX BUIOB ].[PIaHO6aKTCpHI7L

O1ieHKa TOKCMYHOCTH BOJIBI.
IIpu yBenuueHUM WIK IIpeodIafaHuy TOKCUYIHBIX BUAOB IIMaHOOAKTepUid —
MOHMTOPHHT [IMAHOTOKCHHOB B BOJIE UICTOYHUKA U TUTHEBOM BOJIE

High Cyanobacteria > 6500 cells/mL

Bricokuii Presence of toxigenic cyanobacteria.
Cyanotoxins in source water < 0.8 MAC;
in drinking water < MAC
Lunanob6akrepun > 6500 ki1/Ma
Haymune TOKCUTeHHBIX IMaHOOAKTEPHiA.
IluanorokcuHsbl B Boae ucrouHuka < 0,8 ITJIK;
B muTheBoii Boge < ITAK

Hygienic assessment of the public health hazard of cyanotoxin concentrations

in drinking water and the effectiveness of treatment at water intake facilities.
Development of recommendations for water utilities and the public on water
treatment methods. Monitoring of cyanotoxins in source water and drinking water

I'urueHnyecKast olleHKa OMacHOCTH ISl 3M0POBbs HACEIEHMSI KOHLIEHTPALIHIA
LIMAHOTOKCHHOB B ITUTHEBOM BoJiE, 3(PMEKTMBHOCTH OYUCTKI

Ha BOI03a00PHBIX COOPYKEHUSIX.

Pa3spaboTka peKkOMeHIAIMi BOIOKaHAIaM ¥ HaCEJICHUIO TI0 METOIaM

BOAOIIOAIOTOBKU.
MOHI/ITOpI/IHI‘ LIMAHOTOKCHMHOB B BOJIE UCTOYHMKA U TTIUThEBOM BOZIE

Very high
O4YeHb BBICOKUIA

Cyanobacteria > 6500 cells/mL

Presence of Microcystis aeruginosa,

a toxigenic cyanobacteria.

Cyanotoxins in source water > 0.8 MAC;

in drinking water > MAC

HuanoGakTepun > 6500 Ki1/Mi

Hamwuue Microcystis aeruginosa,
TOKCUTE€HHBIX LIMAaHOOAKTEPUIA.
InanotokcuHsbl B Boae ncrounuka > 0,8 ITAK;
B nuTheBoit Boae > ITIK

Informing state and local government agencies and water utilities. Recommendations
for the public on additional drinking water treatment. Assessing the toxicity of source
water and determining cyanotoxin concentrations in the water. Finding an alternative
water source. If 3 consecutive negative results are received for cyanotoxins in source
water and drinking water, monitoring is continued in accordance with the hazard level

HHbopMupoBaHKe OpraHOB TOCYTapCTBEHHOTO U MECTHOTO YIIPABJICHHSI,
BOJIOKAHAJIOB.

PekoMeHIalK HACENIEHHUIO TI0 TOTIOTHUTEIBHON OYMCTKE TIMTHEBOI BOIBI.
O11eHKa TOKCUYHOCTH BOIBI KICTOYHMKA U OTTpeIeIeHIE KOHIICHTPALIUI
LIMAHOTOKCHHOB B BOIE.

TTouck anbTepHAaTUBHOIO MCTOYHMKA BOIOCHAOXKEHMSI.

Ipu noyyeHnn TPEX IMOCIe 0BaTEIbHBIX OTPULIATEBLHBIX PE3Y/IBTATOB
onpeie/IeHNsT IIMaHOTOKCHHOB B BOJIE MCTOYHMKA U ITUTHEBOI BOJIE —
MPOIOJKEHE MOHUTOPUHTA B COOTBETCTBUH C YPOBHEM OMACHOCTU

The presence of cyanotoxins and the insufficient technological
efficiency of water treatment pose risks to public health. The
identified minor differences in drinking water purification
efficiency at water treatment stations with similar technological
schemes but differing in the final filtration method (sand filters
or ultrafiltration) suggest that the degree of cyanotoxin removal
is determined not only by the applied technologies but also by
differences in the intensity of filter media fouling, as well as the
concentrations of cyanotoxins in the untreated water.

To minimize health risks associated with the presence of
toxic cyanobacteria in water used for drinking purposes and for
recreational water activities, preventive measures are necessary.

First and foremost, to minimize water source bloom processes,
an assessment of factors contributing to the mass growth and
development of CB is required. Such an analysis can be based on
the following information:

* characteristics of the water body (size, depth, flow and
discharge, thermal stratification) and changes in these
characteristics (e.g., prolonged stagnation periods or decreased
water levels);

» untreated water quality (nutrient levels (total phosphorus,
total nitrogen), turbidity, pH, dissolved oxygen level, water
temperature);

« seasonal and weather factors (before and during peak bloom,
temperature, prevailing wind speed and direction, precipitation
amount) and changes in these factors;

« frequency of bloom occurrence and appearance of toxic CB
species and cyanotoxins in the water source or nearby water
bodies;

« seasonal changes in water quality;

« factors within the catchment area that could affect water
quality in the water bodies;

* main sources of pollution for the water body and the
composition of discharged wastewater.

It is necessary to analyze retrospective data on the quantity
and species of CB cells or assess their biovolume in the raw water,
and consider information on toxins. This can contribute to a
better understanding of treatment requirements, potential needs
for optimizing treatment plant operations, and the efficiency of
cyanotoxin removal.

Signs of water blooms, detectable during visual inspection of
water intake sites and recreational areas, include:

« change in the color of surface waters (e.g., appearance of green,
white, brown, red, or blue hues);

* increased turbidity;

» accumulation of foam along the shoreline and water surface;
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* unpleasant odor;

+ presence of dead fish or dead birds on the shore and in the

water.

Furthermore, it is advisable to consider seasonal changes
in treatment technology (reduced filter run times, increased
chemical reagent consumption), as well as the presence of similar
complaints about water quality, including unpleasant odors.

For an objective assessment of the risks associated with CB
and cyanotoxin contamination, ongoing monitoring is required of
source water, water in water bodies used for recreation, water at
various stages of treatment, and drinking water from centralized
cold water supply systems.

Preventive measures should include optimizing existing
treatment technologies concerning CB and, primarily, the
most hazardous cyanotoxins: microcystin-LR, anatoxin-a,
cylindrospermopsin, BMAA, and saxitoxin. This necessitates:

* separation of treatment stages into a low pre-oxidation dose to
enhance flocculation and a higher dose after cell removal for
oxidizing dissolved toxins;
increasing the efficiency of filter media washing during bloom
periods;
replacing filter media (if changing the washing regime is
ineffective);
implementing modern treatment technologies effective against
CB and cyanotoxins, including ozonation with activated
carbon sorption, membrane filtration, and others;

OpurnHanbHas cratbst

« regular monitoring of treatment efficiency to ensure safety, especially
concerning the removal of cyanotoxins from drinking water.

Any changes in treatment methods aimed at reducing toxin
concentrations must be adapted to the genus (genera) of CB
present and the water quality at the specific site (e.g., pH,
temperature, turbidity, presence of natural organic matter).

An algorithm for ongoing monitoring of CB and cyanotoxin
contamination in water, including health risk assessment and
corrective actions, is presented in Table 4.

Conclusion

Surface water sources in the Russian Federation are subject
to mass growth and development of cyanobacteria that generate
cyanotoxins hazardous to human life and health. This determines
the necessity for continuous monitoring of bloom processes,
implementation of preventive measures, including those aimed at
protecting water sources from nutrient pollution, and improving
technological processes of water treatment.

To minimize the health risk associated with the mass
development of CB in water bodies used for drinking and
recreational purposes, and to ensure a unified approach
in monitoring, it is necessary to develop methodological
recommendations for controlling contamination by toxic CB
species and cyanotoxins in water sources used for drinking water
supply, recreational purposes, and in drinking water itself.
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